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INTRODUCTION 
The existence of a separate cell membrane, apart from protoplasm, 
may today be regarded as proved.  The  experiments of Chambers, 
who punctured erythrocytes  and actually observed hemoglobin flowing 
out of the cell, may be mentioned as among the most obvious existing 
evidences.  Concerning the thickness of that layer it can be said, at 
least, that it is below the limit of microscopic visibility, and, as has 
been established by Fricke for the erythrocyte, it may not even be 
more than one single layer of molecules.  Fricke  (7)  calculated the 
thickness of the cell membrane of the erythrocyte from the electric 
capacity of a cell suspension, assuming its dielectric constant to be 3, 
to be about 33 A.u., that is about the length of one molecule of fatty 
acid. 
Two mechanisms have mainly been considered to account for the 
different permeabilities of cell surfaces for different substances:  the 
action of the cell membrane as a  sieve, whose pores allow the mole- 
cules to penetrate, and its action as a thin homogeneous layer, through 
which the molecules permeate according to their solubilities.  A great 
part of the existing literature endeavors to  establish either of these 
two mechanisms and to disprove the other. 
It must be  emphasized, however, that  there is no  sharp  contrast 
between these two mechanisms.  Molecules, penetrating into a cell, 
have to pass between the molecules of the cell membrane.  This may 
be regarded as dissolving of the  molecules in the layer of the mem- 
brane  or  as passage  through  the pores between the  molecules, the 
intermolecular  spaces.  These  are  two  views  of  the  same  process, 
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regarded  from different standpoints, not  two  different  processes  or 
processes in two different membranes.  The question, therefore, as it 
seems to us, is not, which of the two processes occurs, but rather which 
of the two viewpoints is preferable, in other words  which  viewpoint 
offers most chance to clarify the great complexity of permeability, that 
becomes more and more evident as more and more data  in  this field 
are collected. 
For this question the following considerations will prove fruitful.  A 
solution, in the thermodynamic sense, is a homogeneous system; i.e., 
characterized by the fact  that each small fraction of volume has the 
same properties as the system as a  whole.  If the concept of solution 
is to be used, this condition must therefore be  fulfilled.  It must be 
true that the inhomogeneity  of matter due to its molecular structure is 
irrelevant.  Now the work of Langmuir, Adam, Rideal (1) and others 
has shown that at interfaces between two phases very strong molecular 
forces are active, resulting in distinct orientations of the  molecules. 
Systems under such forces thus differ widely in the properties of their 
different parts.  According to Langmuir's interpretation of the liquid 
expanded films (9)  they may differ even  in the state of aggregation. 
The space properties of the molecules, which  cancel out in a  homo- 
geneous system due to random distribution, here add up due to orienta- 
tion and become the outstanding properties of the system.  It should 
be strongly emphasized that this not  only holds for monomolecular 
films, but for all interfaces where polar molecules are involved.  In 
other words: At interfaces such as the cell membrane properties come 
up, which are due to a definite structure, and which do not obtain in 
the bulk of a  homogeneous solution. 
A very striking example of such structural properties due to orientation is the 
ion permeability of crystals.  The investigations of  Tubandt  and  others (27) 
have shown that most electrolyte crystals have a distinct selective ion permea- 
bility.  For instance, crystals of AgC1, AgBr, Ag2S, NaF, and others are solely 
cation permeable; PbBr2, BaF~, BaCI~, and others solely anion permeable.  Ac- 
cording to Joff~  the limiting size of ions which  can diffuse  through a crystal depends 
on the crystallographic  direction in which the diffusion  takes place.  It is obvious 
that at least for the latter observation the molecular  structure is responsible and 
to regard the crystal as a solvent would be inadequate.  The common feature 
which connects this field with that of cell permeability is the decisive effect of an 
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For this reason it seems preferable not to use the concept of a homo- 
geneous solution for the interpretation of cell permeability, but to base 
the interpretation on molecular theory.  This can be done by regard- 
ing the intermolecular spaces as  pores  and  deriving  the  conditions 
in  these  pores from  the properties and force fields of the adjacent 
molecular groups. 
In this paper the attempt will be made to apply the points of view 
discussed to the collodion membrane as a model for cell permeability. 
Taking into consideration recent advances in knowledge concerning 
molecular structures and new experiments on the reversal of the charge 
of the membrane, and furthermore experiments on membranes made 
of other  cellulose  derivatives,  the  mechanism of  potentials  of  this 
membrane will be  discussed  once more.  It  will  be  shown  that  its 
properties can be understood best from its molecular structure, fur- 
thermore that, using this interpretation, the contrast between solubil- 
ity  mechanism  and  pore  mechanism  largely  disappears.  Finally 
asymmetric membranes will be described and discussed. 
The Mechanism of the Membrane Potentials of the Collodion Membrane 
The entirely dried collodion membrane resembles the cell membrane 
to a certain extent as to its permeability and its electromotive proper- 
ties.  It allows molecules of non-electrolytes up to a  similar order of 
size to permeate as the membrane of the erythrocyte does  (15,  18). 
Its behavior towards electrolytes is that of a  selective ion permeable 
membrane  (11,  16),  as has also been shown for different cell mem- 
branes, for instance that of the erythrocyte, the nerve, and the muscle. 
The mechanism of this  selective ion permeability has been inter- 
preted by Michaelis in the following way.  The membrane consists 
of  electrically  non-conducting  matter.  Its  electrical  conductivity 
between electrolyte solutions is due to the presence of pores, through 
which the solution penetrates.  Within these pores the cations have a 
higher apparent relative mobility than anions.  If the membrane is 
put between two solutions of the same electrolyte in different concen- 
trations, a  diffusion potential arises, which is positive on the side of 
the dilute solution.  1  The drop of potential  extends throughout the 
I We  shall designate  the  concentration potential as positive throughout  this 
paper if in the external circuit it is positive on the side of the more dilute solution, 
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length of the pore.  Its amount can be calculated by application  of 
Nernst's formula for the diffusion potential 
RT  u  --  v  cl 
E  =  --  In-- 
F  u~-v  ¢2 
where u and v mean the apparent relative mobilities of the cations and 
anions, cl and c2 the activities of the electrolyte on the two sides of the 
membrane.  The direct experimental determination of the transfer- 
ence numbers  (17)  in an electric field for a  given membrane agreed 
satisfactorily with those calculated from the measured concentration 
potentials. 
The reason for the higher relative cation mobility was assumed to be 
an adsorption and thereby immobilization of the anions at the walls 
of the pores.  Accordingly, the narrower the pore is, the higher is the 
fraction of adsorbed anions,  the higher the difference of the relative 
mobilities of cations and anions, and the higher therefore the concentra- 
tion potential.  A pore, which is so narrow, that besides the adsorbed 
anions no more anions can enter is solely cation permeable;  the value 
u  -  v then equals 1 and the concentration potential reaches its thermo- 
u  --k  v 
dynamic maximum, which is equal to the potential of a  concentration 
chain, reversible for cations. 
In contrast to this interpretation Beutner (4, 5) and Northrop (23) 
have claimed that the properties of the collodion membrane are not due 
to the presence and particular properties of pores, but to the respective 
solubilities of permeating molecules in the substance of the membrane. 
Northrop, whose arguments will be discussed in detail later, comes 
to  the  following  conclusion.  The  ordinary  collodion  membrane, 
which has not been entirely dried, has pores.  But when the membrane 
dries entirely, these pores disappear and  then the membrane allows 
molecules to penetrate only if they are soluble in the substance of the 
membrane.  According  to  this  assumption  the  membrane  would 
change its behavior decisively, when losing the last remainder of the 
organic solvent.  One would  expect  that  this  more  or less  sudden 
change would also appear in its electromotive behavior in the form of a 
discontinuity in the plot of potential against permeability.  This is, 
however, not the case, as Fig.  1 shows.  The transition from mem- 
branes with large pores to those with supposedly no pores is steady. w.  WILBgANDT  937 
The permeability of such membranes has been graded by imbibition of com- 
pletely dried membranes in alcohol solutions of different concentrations according 
to Brown.  Preliminary experiments had shown that alcohol concentrations up to 
85 per cent do not change the electromotive properties much.  The concentrations 
of alcohol used therefore were 85, 90, 92, 93, 94, and 95 per cent.  The completely 
dried membranes were allowed to swell in alcohol for 2 days.  Then their concen- 
tration potentials between ~/10 and N/100 KC1 and their permeability for HCI 
were determined.  The latter  was done by filling  them with  25  cc.  ~/10  HC1, 
putting them into 25 cc. of water and titrating the HC1 content of the outer solu- 
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FIO. 1.  Concentration potentials and permeability for HC1 of graded collodion 
membranes. 
tion after a certain time.  It was necessary to use two different times of diffusion 
for the less permeable membranes and for the more permeable ones, so that only 
within these two groups are the values directly comparable.  Two membranes, 
however, are represented  in both groups, so that it can be seen that no sudden 
change between the two groups occurs. 
Further  evidence  for the  steady  transition  from highly permeable 
to  completely  dried  membranes  is  the  following.  The  sign  of  the 
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reversed, as will be shown in the next section, by impregnation  with 
quinine.  Membranes  with  high  negative  concentration  potentials 
can thus be obtained. ~ If now such a membrane is not allowed to dry 
entirely,  but the concentration  potential  is measured  after different 
times of drying, gradually increasing negative concentration potentials 
are obtained, showing that the same properties control the behavior of 
the  wet  and  the  dry  membrane,  varying  only  quantitatively,  not 
qualitatively with  the  size of the pores.  This is  shown in  Table  I. 
The  same is  true  for membranes  of cellulose acetate,  which  will  be 
described below. 
We prefer the assumption,  therefore,  that  the  transition  from the 
wet to the dry membrane does not consist of an absolute constriction 
TABLE I 
Concentration  potentials  of collodion membranes impregnated  with  quinine 
and soaked in water after different times of drying.  The potentials are measured 
between N/IO and  N/IO0 KCI.  The  sign is that  of the dilute  solution in  the 
external circuit. 
Membrane No.  Time of drying at 30°C. in  Concentration potential 
10 
15 
20 
35 
-2 
-14 
-22 
-48 
of the pores, but of a  gradual  transition  of the pores into  the inter- 
molecular spaces, the change thus being only quantitative, not qualita- 
tive.  The  fact  that  according  to  Michaelis  and  coworkers  (12,  14) 
besides the wet collodion membrane many other types of membranes, 
which doubtless have pores,  such as the parchment  membrane,  also 
show qualitatively the same effect, though to a smaller extent, confirms 
the view that  the transition  from the dried membranes  to the mem- 
branes containing pores is gradual.  The structure of the pore system 
gradually changes to the crystal structure during drying. 
The  experimental  basis  for  this  view  is  provided  by  the  recent 
investigations on x-ray patterns of cellulose and cellulose derivatives. 
The  cellulose  fibre  has  a  crystal  structure  (25),  in  which  the  long 
cellulose molecules lie  parallel.  The  unit  cell  of  the  crystal  is  the W.  WILBRANDT  939 
glucose ring, whose dimensions are 5.15  A.u. in the direction of the 
length of the fibre  and  5.4  .A,.u. and  6.1  .A,.u. in  the perpendicular 
directions.  Trogus and  Hess  (26)  showed that  nitrocellulose fibres 
and  fibres of other cellulose derivatives agree with  cellulose in  the 
fibre  period,  while  the  intermolecular distances  are  larger  than  in 
cellulose.  Mathieu  (10)  showed  that  when  from  a  nitrocellulose 
solution a film is formed by evaporation of the solvent, the molecules, 
which were entirely dispersed in the solution, rearrange themselves to 
a  great extent, a  crystal structure being formed again, whose x-ray 
pattern is very much like that of the fibre, though usually yielding not 
as sharp interferences as the former. 
The collodion membrane accordingly has to be regarded as a crystal 
in the same sense as silk may be considered as a crystal.  The electro- 
static  conditions  in  the  intermolecular spaces  are  then  determined 
by the properties of the adjacent molecular groups.  According to the 
picture of the nitrocellulose molecule as shown in Fig. 2, these groups 
are the NO3 groups.  These highly polar groups have a dipole moment, 
the outer end of which is negative. 
An adsorption of anions at these groups is not to be expected there- 
fore.  On the other hand the negative charge of the collodion mem- 
brane may be taken as proven, as shown not only by the  sign of the 
concentration potential,  but  also by the direction of electroosmosis 
across the membrane or cataphoresis of particles of collodion.  The 
following modification of Michaelis' interpretation seems to be neces- 
sary therefore. 
The electric field, which counteracts the entrance of anions into the 
pore,  is  not established by adsorbed anions,  but by the polar NO3 
groups, that is to say by the membrane itself.  The centers of negative 
charges in these groups lie towards the interior of the pore and thus 
repel anions.  So within  the total  area of the pore  there will be  a 
certain fraction, into which, due to this repulsion, anions cannot .enter, 
while cations can.  The extent to which, due  to  this  situation,  the 
apparent average mobility of anions in the pore is decreased relative 
to  the  cation mobility,  therefore depends on  the  ratio of this  frac- 
tional area to the total  area of the pore.  Hence the concentration 
potential depends on the size of the pore just as it did assuming the 
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A phenomenon which could not satisfactorily be accounted for by 
the assumption of an adsorption of the penetrating ions is the behavior 
of protein membranes in buffer solutions as described by Fujita  (13). 
These membranes, between two buffer solutions of the same pH,  but 
of different concentrations, showed a concentration potential, the sign 
of which depended on whether the pH of the buffer was above or below 
the isoelectric point of the protein.  In the first case the membrane 
appeared to be negatively charged and cation permeable, in the latter 
case positively charged and anion permeable.  The diffusing ions were 
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FIO. 2.  The nitrocellulose chain. 
Na + and acetate-, the concentrations of the H + and  the  OH-  ions 
were negligible.  Hence the assumption of an adsorption of the diffus- 
ing ions controlling the concentration potential leads in this case to 
the assumption of an adsorption of Na + by protein.  Such an adsorp- 
tion  compound is not known.  If, however, the charge of the mem- 
brane is the charge of the protein molecule itself, depending on the pH 
as the latter does, and the inhibition of cation mobility is due to the 
repulsion  of  cations  by  this  charge  and  not  to  immobilization  by 
adsorption, the interpretation is compatible with all we know of the 
electric properties of proteins. W.  WILBRANDT  941 
Let us now consider Northrop's  and  Beutner's arguments  against 
the  assumption  of  the  pore  mechanism.  Northrop  found  that  the 
rate of permeation of gases through the dry collodion membrane is not 
inversely proportional to the square root of the density of the gas as 
it holds for diffusion of gases through pores.  Furthermore,  that  the 
rate  of gas permeation  is  independent  of whether  the membrane  is 
filled  with  water  or with  air,  whereas  gas  diffusion  in  air  is  about 
10,000  times  faster  than  in  water.  Finally,  that  the  temperature 
coefficient of permeation through a collodion membrane is higher than 
that of a mere diffusion. 
All this is comprehensible,  if the dimensions in question are taken 
into account.  The dimensions of the cell of the cellulose molecule are 
around  5-6  /i~.u.  Nitration  increases  the  intermolecular  distances. 
The  order  of  magnitude  of  the  pore  diameter  has  therefore  to  be 
assumed to be several A.u.  Northrop himself calculated the diameter 
of the pore first from the rate of flow of water through the membrane 
to be about 10  -9 cm.; second from the vapor tension of water in the 
pores to be 10-L10  -s cm.  These dimensions are far below the mean 
free path  of the molecules,  therefore the number of collisions of the 
molecules with the wall of the pore is of higher order of magnitude than 
that of collisions with other molecules.  Hence the quoted law of gas 
diffusion does not hold nor is it to be assumed that the gas diffusion is 
inhibited  by water  in  a  similar  way as  in  macroscopic dimensions. 
Also the temperature  coefficient of gas diffusion under these circum- 
stances is certainly not that of free gas diffusion for the same reason. 
It may be permissible to speak of a "solution" of the penetrating sub- 
stance under such conditions, but this is by no means a contrast to any 
pore theory.  This statement holds for all cases, where the penetrating 
substance is not able to disrupt the crystalline structure of collodion, 
that is to say causes no swelling or solution of the collodion, but where 
even under  the influence of the penetrating  substance  the  structure 
remains rigid.  The difference between a  substance like sodium chlo- 
ride or sugar and on the other hand a substance like acetone is (cf.  20) 
that  the former has to utilize for penetration  the preformed holes of 
the rigid structure, whereas the latter, when present in sufficient con- 
centration,  can  disintegrate  the  structure  by  combination  with  the 
molecules of the membrane.  In all cases where the structure remains 
rigid, the concept of solubility is not very adequate and certainly not 942  MEMBRANE  STRUCTURE  AND  SELECTIVE  :PERMEABILITY 
in  contrast  to  the  pore  mechanism.  As  long  as  the  membrane  re- 
mains rigid, the pore theory holds good whether the pores are large or 
of molecular size. 
Beutner  interprets  the  potentials  of  the  collodion  membrane  as 
phase  boundary  potentials,  due  to  the  different  solubility  of  anions 
and cations in the substance of the membrane.  It will be shown later 
that  the  contrast  between  this  interpretation  and  that  of  Michaelis 
disappears  to  a  great extent when  they are compared in  detail.  At 
this place we  shall only briefly discuss  the  experiments on which  he 
bases his arguments in his last papers (4, 5). 
He shook cubes of collodion  with solutions of chlorides  and showed  that the 
solutions become acid.  He ascribes this to the formation of HC1 and compares it 
to the formation of free acid,  which  he justly assumes to account for the con- 
centration effect in his "oil chains."  We repeated his experiments and could con- 
firm the acidulation.  It is, however, mainly due to hydrolysis of the collodion, 
as can easily be shown by means of the diphenylamine test for nitric acid, which 
is positive in the solution when it has become acid. 
The second  experiment of Beutner's arguments  was  the  following.  He ob- 
tained a concentration effect in the chain 
/  ether-alcohol solution  /  solid  collodion  mem-  /  aqueous solution  Ofof  collodion  brane  KC1 
by varying the concentration of the KC1 solution.  In this arrangement he con- 
sidered the conditions  for the formation of a  diffusion potential not to be estab- 
lished and concluded  that the effect could therefore only be interpreted in terms 
of phase boundary potentials.  But, if the chain conducted the electric current, 
there  must be in  the  collodion  solution  some electrolyte present.  A  diffusion 
potential hence must arise between the KC1 solution and this electrolyte, to which 
we may apply Henderson's equation (8) : 
(U I  --  VI  )  --  (UII  --  VI  I )  UtI  -~-  V' I 
~r  =  0,0001983  >(  T  X  log 
(U'I +  V'0 -  (U'~ +  V'I,)  U'~ +  Vqi 
where the subscript I refers to the electrolyte in the KC1 solution, the  subscript 
11 to  the  electrolyte in the alcohol-ether solution.  According  to the low concen- 
tration of the latter the terms with the subscript II become negligible as additive 
values, and the equation assumes the form 
u--  ~  c 
~r =  0,0001983  X  T  )<  ~  log  U'II  +  V'n 
where c is the concentration of the KC1 solution.  This shows that the diffusion 
potential varies with  the  logarithm of the  concentration of KC1, which  means 
that Beutner's experimental results do not disprove the pore mechanism. w.  WlLBRAX'I~r  943 
If we finally compare his interpretation of the membrane potentials 
as phase boundary potentials with the interpretation  developed here, 
we shall see that the contrast disappears to a great extent.  The dis- 
tinction  between the entrance  of a  molecule into  the intermolecular 
space and its dissolving in the phase of the membrane is purely formal. 
A  difference between the pore mechanism with anion adsorption  and 
Beutner's mechanism had been that in the latter an excess of cations 
over anions  of the electrolyte in  the membrane  had  to be assumed, 
which  was  not  true  for  the  pore  interpretation,  where  anions  and 
cations were present in equal amounts,  the anions only being immo- 
bilized  by  adsorption.  In  the  modified  pore  interpretation  this 
difference disappears; a solely cation permeable pore according to this 
interpretation contains only cations. 
Following  this  aspect of the modified pore  theory  into  its  conse- 
quences,  we  find  more  analogies  to  Beutner's  interpretation.  The 
question, namely, how cations can enter such a solely cation permeable 
pore  without  disturbing  electroneutrality,  leads  to  the  assumption 
that they exchange against H  ions, which means an acidulation of the 
external solution.  Such an acidulation is also a consequence of Beut- 
ner's interpretation of the concentration effect at "oil chains." 
This  leads  to  a  further  point,  which  has  constituted  a  difference 
between the two mechanisms; i.e., the course of the drop of potential. 
In the case of a phase boundary potential it takes place mainly in two 
jumps at  the phase boundaries;  in the  case of an  ordinary  diffusion 
potential it extends over the length of the diffusion gradient.  Now, 
the more a  collodion membrane  approaches  exclusive cation perme- 
ability, and the more therefore the ion exchange just discussed takes 
place, the more the course of the potential drop must approach that of 
a phase boundary potential.  For this exchange does not lead to equal 
concentrations  inside  and  outside  the  pore,  but  to  an  equilibrium 
with  a  low cation  concentration  inside.  Thus  besides the  diffusion 
potential throughout the length of the pore we have two potentials of 
opposite sign at the ends of the pores, whose difference, together with 
the potential within  the pore, makes up the total measured potential 
difference. 
It can be calculated that these two latter potential differences are high as com- 
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in the concentration  Ko be brought  into  contact  with a  solely cation permeable 
pore containing only H +  and OH-  ions.  Then at the beginning the H  ion con- 
centration  in  the pore H~ and  that  in the outer solution  Ho are equal  =  10-~. 
The chance for an exchange of H +  against K +  is proportional to Ko  ×  H,  By 
the exchange the concentration of K in the pore K,, which is zero at the beginning, 
rises, and an opposite exchange begins, whose chance is proportional to K~  X  Ho. 
When 
Ki X  I-L,  =  Ko  X  He  (1) 
equilibrium is established. 
Let us now assume that in equilibrium so much K + has entered the pore, that 
we may put 
K~ =  OH,  (2) 
furthermore,  that  the volume of the outside solution is so large that  during  the 
exchange Ko and Ho remain constant. 
Then we obtain from (1) and  (2)  for the state of equilibrium: 
Ko  X  10  -1~ 
K,  X  Ho  = 
OH, 
Ko  X  10  -'4 
K, 
Ko  X  10  -14 
K,  ~  Ko  X  10  -7 
Ho 
or 
pK,  =  ½pKo 4- 3.5  (3) 
Calculating from this equation for three concrete cases the inside concentrations, 
ci, and cm of K + at both ends of a long pore, which is in contact with the outside 
concentrations Cio and clio, we obtain 
Case A 
Case B 
Case C 
CIo 
I 
1 
10 
1 
100 
1  2  3 
CIi 
1 
3160 
1 
10,000 
1 
31,600 
CII/ 
1 
10,00() 
1 
31,500 
1 
100,000 
CIIa 
1 
10 
1 
100 
1 
1000 W.  WILBRANDT  945 
The three diffusion  potentials at 1, 2, and 3 in these chains then are: 
1  2  3  1+2+3 
Case A  +196  +28  -- 168  +56 
Case B  +168  +28  -- 140  +56 
Case C  +140  +28  -- 112  +56 
The  result  of  this  calculation  is  that  (1)  the  higher the  outside 
concentration the higher are the potential jumps at both ends of the 
pores; (2) a part of the total measured potential difference is the differ- 
ence of these two jumps and the other part is the diffusion potential 
due to the gradient in the pore. 
We are aware that the assumption of completely exclusive cation 
permeability as well as that of the strict validity of the unmodified 
law of electroneutrality in  molecular systems involving  dipoles  are 
idealizations,  which render such a  calculation a  more or less rough 
approximation. 
For instance,  as to  the  consequences of this  view concerning the 
conductivity of  a  membrane it  must  be  emphasized,  that  the  as- 
sumption of exclusive cation permeability involved is never realized. 
In a membrane in which anions have even only 1/1000 of the apparent 
relative average mobility of the cations, they would carry more of an 
electric current than the cations present by the exchange discussed. 
Yet  such  a  membrane would  yield a  concentration potential  only 
about 1/10 of a millivolt lower than the thermodynamic maximum. 
Summarizing these  considerations,  we  may  state  that  the  inter- 
pretation of the membrane potential as due to the crystal structure of 
the  membrane leads  to  a  picture  which  satisfactorily explains  the 
observed facts and, on the other hand, forms a connection between the 
sieve mechanism and the solubility mechanism, which hitherto have 
been considered as irreconcilable. 
Potentials  of  Membranes  Made  of  Cellophane,  Ethyl  Cellulose, and 
Cellulose Acetate 
To get experimental evidence for the mechanism discussed, mem- 
branes of other cellulose derivatives were investigated.  If the assump- 
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dipole moments  is  correct,  the  behavior  of  such  membranes  should 
be determined by the dipole moments  of the respective groups corre- 
sponding to the NO~ group in the collodion membrane;  i.e.,  of OH in 
the case of pure cellulose and of the substituents in the case of cellulose 
derivatives. 
The dipole moments of various groups have been studied as to their magnitude 
and their direction by Williams (28).  He determined the moments of disubsti- 
tuted benzene derivatives and concluded the direction of the moments of different 
groups from the moments of para-di-substitutes.  If this was lower than that of 
the  monosubstitute  with  one  of  the  two  substituents,  the  directions  of  their 
moments were the same, if it was higher, they were opposite.  Thus he obtained 
the following scale for dipole moments of different groups, in which the direction 
of the moment is indicated by the sign: 
Substituent  Substituent  Substituent 
C1  --1.5  OH  --1.7  OCH3  -1.0 
Br  -- 1.5  COUCH3  -- 1.8  COOH  --0.9 
I  --1.3  NO2  --3.8  CH~  +0.4 
F  --1.4  COH  --2.8  NH~  +1.5 
It is interesting to see that negative groups are apparently much more frequent 
than positive ones.  Possibly this is the reason why positively charged membranes 
are so rare (disregarding those with basic groups). 
Membranes of cellophane, ethyl cellulose, and cellulose acetate were investi- 
gated,  the  supposedly acting  groups  being  OH,  OC2Hs,  and  OOCCH3.  The 
moments of OH and OCHa are among those determined by Williams, they are 
both directed the same way as that of NO~ (we used the ethyl group instead of the 
methyl group, but the difference between these two groups as to the dipole moment 
is usually small and does certainly not affect the direction of the moment).  Thus 
it was to be expected that the membranes of ethyl cellulose and cellophane have 
the same charge as collodion.  The acetyl group is not in the above list (the group 
COOCHa in the list is the end-group of methyl benzoate); it is, however, a polar 
group as known from the dipole moment of ethyl acetate and methyl acetate.  The 
magnitude of its moment is about the same as that of OH; its direction, however, 
cannot be predicted and has not been determined yet. 
The cellophane used was the commercial cellophane in sheets and cellophane 
tubing for dialysis.  The membranes of ethyl cellulose were prepared from a 5 per 
cent solution in chloroform, those of cellulose acetate from a 5 per cent solution in 
acetone,  (Ethyl cellulose and cellulose acetate were kindly given by the Du Pont 
Rayon Company, whom we wish to thank very much.)  The latter were prepared 
on mercury in the usual manner, while for the ethyl cellulose membranes this pro- 
cedure did not prove useful.  The ethyl cellulose membranes made on mercury W.  WILBRANDT  947 
had very high electric resistances,  mostly over 40 megohms, even when not com- 
pletely dried, but immersed in water after a short time of drying.  Some of them 
became more conducting with time, yet out of twelve only three membranes could 
be used.  They gave qualitatively the same effect as the ones described below. 
Those are membranes in the form of a bag, prepared in the known way in a small 
beaker and soaked with water before complete drying. 
The  cellophane membranes,  as  expected,  yielded  positive  concen- 
tration potentials, as the collodion membrane does.  Their magnitude 
was usually 10 to 20 my. between N/10 and N/100 KC1 and 20-30 my. 
between N/100 and N/1000 KC1, with membranes made of cellophane 
sheets.  Some,  however,  had  higher potentials  up  to  40  Inv.  The 
TABLE II 
Concentration  potentials  and  chemical  potentials  of  membranes  of  ethyl 
cellulose (bags).  The sign is that in the outer solution (in the external circuit). 
Solution  Potential 
Inside 
N/10  KC1 
N/IO0 KCI 
N/10  KC1 
N/10  KC1 
N/10  KC1 
N/10  KC1 
Outside 
N/100 KCI 
1~/10  KC1 
N/!0  KC1 
N/10  NaC1 
N/10  LiC1 
N/10  KN03 
+38 
--38 
+4 
+9 
Membrane No. 
2  3 
~a~.  rafT. 
+27  +32 
--30  --33 
0  0 
+4  +4 
+9  +9 
+2  +1 
+31 
-35 
0 
+4.5 
+5 
+1 
dialyzing tubes are so highly permeable  that  their  concentration po- 
tential is only 1-2 inv., but of the same sign. 
The  ethyl  cellulose  membranes  are  also  negatively  charged,  as 
expected.  The  concentration  potential  is  positive  and  chemical 
potentials are more affected by cations than by anions, as is shown in 
Table II.  These chemical potentials are, however, surprisingly low, 
considering the relatively high concentration potential.  The chemical 
potentials  of  the  dried  collodion membrane  as  well  as  those  of  the 
impregnated collodion membrane and the cellulose acetate membrane 
described below are much higher.  Chemical potentials  and  concen- 
tration potentials do not vary in parallel fashion.  This is compatible 
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this interpretation  the former depend on the total area of the pore, the 
latter on the ratio of the total area to the fractional area controlled by 
the force fields of the pore walls, and these two may vary independently. 
The  membranes  of  cellulose  acetate  are  positively  charged,  the 
concentration  potential  being negative and  anions  being much more 
effective than  the  almost  ineffective cations,  as  shown  in Table III. 
The series, in which anions are effective, is the same as that obtained 
with impregnated,  anion permeable collodion membranes.  As in the 
latter  case  SCN  and  NO~ are more effective than  C],  whereas  their 
mobilities in water are lower.  Apparently the properties, which con- 
trol  the behavior of ions in  a  pore,  are not only their  size,  but also 
TABLE  III 
Concentration potentials and chemical potentials of (fiat)  membranes of cellu- 
lose acetate.  The sign is that in the outer solution (in the external circuit). 
Solution  Potential 
Inside 
N/10  KC1 
N/i00 KC1 
N/i0  KC1 
~/10  KC1 
N/10  KCI 
•/10  KCI 
N/10  KC1 
Outside 
N/100 KC1 
I~/i0  KC1 
N/10  NaC1 
N/10  LiC1 
N/i0  K2S0* 
N/10  KN0a 
1~/10  KSCN 
26 
--21 
+18 
o 
+10 
--30 
+41 
+58 
Membrane No. 
55 
my. 
-20 
+18 
0 
+5 
--34 
+40 
+57 
69 
--19 
+16 
0 
0 
--42 
+43 
+58 
others  such  as ability of orientation,  accumulation  in  the  interface, 
and  possibly  deformability. 
The  cellulose  acetate  membrane  is  the  first  case  of  a  positively 
charged  membrane  without  basic  groups.  To  explain  the  positive 
charge according to our view of the potential mechanism, we have to 
assume that the direction of the dipole moment of the acetyl group is 
opposite to that of NO,, OH, and OC2H~, the outer end being positive. 
Experimental data such as described above from the investigations of 
Williams on benzene derivatives are not available in the literature for 
the acetyl group.  Its most effective part  contributing  to the dipole 
moment presumably is the C~O bond, which is highly polar.  If we W.  WILBRANDT  949 
assume that  the two valencies of the O atom form an angle, it seems 
possible that the C=O  bond is turned around,  the O  thus facing the 
cellulose chain,  the  C  the intermolecular  space.  Thus  the  assumed 
direction  of  the  moment  would  be  established.  In  favor  of  this 
assumption  is  the  fact  that  hydroquinone-di-acetate,  though  seem- 
ingly  a  symmetric  molecule,  has  a  high  moment,  which  Williams 
accounts for by the valency angle at the O atom. 
Summary.--1.  In  agreement  with  our  interpretation  of  the  po- 
tentials  and the known  direction  of the  dipole moments  of OH and 
OCH3,  cellophane  and  ethyl  cellulose  membranes  are  negatively 
charged. 
2.  The  cellulose  acetate membrane  is  positively  charged,  being 
the  first  case  of  a  non-basic  positively  charged  membrane.  The 
direction  of the moment of the acetyl group is not known,  but con- 
cluding  from  other  experimental  data  it  seems likely that  it  agrees 
with our interpretation. 
The Reversal of the Charge of the Collodion Membrane 
To get further experimental evidence for the mechanism discussed, 
we investigated the conditions under which the charge of the collodion 
membrane  can be reversed.  Mond  (21) has described an anion  per- 
meable membrane, which he obtained by adding to the alcohol-ether 
solution of collodion the basic dyestuff rhodamine B, and then forming 
a membrane on mercury in the usual manner.  The anion permeabil- 
ity was  checked by the  sign  of the  concentration  potential,  by the 
electromotive  effectiveness of  anions  and  ineffectiveness of  cations, 
and by the analytical proof of an  anion  exchange.  Rhodamine  has 
two ethylated NI-I2 groups.  We therefore at first determined whether 
other organic bases had the same effect.  A  series of basic dyestuffs 
and  alkaloids  were  investigated  as  to  their  reversing  effect on  the 
charge of the membrane in the following manner. 
The dyestuff itself was dissolved in one of the commercial collodion solutions, 
in as high a concentration as could be reached by repeated stirring.  The colored 
solution was poured on mercury in the usual manner  to form a membrane by 
evaporation of the solvent.  The charge of the membranes obtained was checked 
by the sign of the concentration potential between N/100 and ~r/1000 KC1. 950  MEMBRANE  STRUCTURE AND  SELECTIVE  PERMEABILITY 
The  results  are  shown  in  Table  IV.  The  given  concentration 
potentials are  the highest that were measured.  The basic dyestuffs 
always reverse the charge of the membrane, as also do alkaloids and 
phenylendiamine.  Some  of  the  measured  concentration potentials 
TABLE  IV 
Concentration  potentials  of  impregnated  collodion  membranes,  measured 
between N/100 and N/1000 KC1.  The sign is that in the dilute solution (in the 
external circuit). 
Impregnating  substance  Concentration potential 
Methylene blue ....................................... 
Toluidin blue ......................................... 
Thionine  ............................................. 
Safranine ............................................ 
Neutral red .......................................... 
Brilliant kresyl blue  ................................... 
Nile blue sulfate ...................................... 
Basic fuchsin ......................................... 
Rhodamine B ......................................... 
Pyronine  ............................................. 
Eosin ................................................ 
Uranin  ............................................... 
Picric acid ..................  •  ......................... 
Sudan  ............................................... 
Quinine base .......................................... 
Quinine chloride ...................................... 
Quinidine ............................................ 
Strychnine ............................................ 
Brucin  ............................................... 
Phenylendiamine ....................................... 
my. 
-55 
-28 
-25 
-40 
-43 
-16 
-28 
-55 
-44 
-23 
+28 
+24 
+45 
+10 
-49 
-50 
-40 
-28 
--33 
--27 
are very close to the thermodynamic maximum, which means that the 
membranes are nearly exclusively anion permeable. 
Acid dyestuffs do not reverse the charge.  The membranes in Table 
IV were made of different brands of collodion, without control mem- 
branes of the same brand, so that the question whether these dyestuffs 
affect  the  magnitude of  the potential cannot be  answered  from  the W.  WILBRANDT  951 
experiments shown in that table.  Experiments, however, with Echt- 
rot,  an  acid  dyestuff of high lipoid and low water  solubility, have 
shown that the concentration potential of an impregnated membrane 
is increased as compared with control membranes of the same brand. 
The control membranes yielded concentration potentials of +48.5 mv., 
+48.5  inv.,  49.5  mv:, whereas  the  concentration potentials of  the 
impregnated  membranes  were  very  close  to  the  thermodynamic 
maximum: 54 inv., 56 inv., 56 my. 
All the reversing substances have in common a basic group, which 
means a  group carrying a  free positive charge.  Now the effect of a 
free charge is considerably stronger than that of a dipole.  If therefore 
the reversing effect consists in a counteracting of a free charge against 
a dipole, one would expect that to overbalance the effect of a certain 
number of NO3 groups only a smaller number of basic groups would be 
necessary.  We determined the limiting concentration of quinine that 
must be introduced into a  membrane just to reverse its charge and 
found, indeed, that at this concentration the number of NOs groups 
present is 1-2 orders of magnitude higher than that of basic groups. 
This is shown in Table V.  The concentration potential changes its 
sign between the concentrations 1/30 and 1/90; that means one basic 
group compensates about 30-90 NO8 groups. 
In membranes with  quinine  at  concentrations near  the  limiting 
reversing concentration, the potentials often are  inconsistent.  The 
reason apparently is that the degree of dissociation of quinine is not 
defined  in  the  unbuffered solutions of  KC1.  The  charge  of  these 
membranes depends on the pH.  At low pH, when the H  association 
is favored, it is positively charged, at high pH negatively as the ordi- 
nary collodion membrane.  This is shown in Table VI.  The mem- 
branes  act  like  amphoteric  membranes.  The  amphoteric  nature, 
however, is due to the counteracting of free charges and dipole mo- 
ments and not, as with protein membranes, to the counteracting of free 
charges of opposite sign. 
The experiments described so far have been performed with "Kol- 
lodium Schering-Kahlbaum DAB6."  This brand of collodion yielded 
the membranes with the highest and the most consistent concentration 
potentials, while with other types of collodion lower andless consistent 
potentials were obtained.  Table VII shows the potentials of various 952  MEMBRANE  STRUCTURE  AND  SELECTIVE  PERMEABILITY 
types of membranes.  This difference is certainly not due to different 
sizes of pores, for the membranes  with low potentials often had a  high 
electric resistance  and  vice  versa.  Different  degree  of nitration  does 
TABLE  V 
Concentration potentials of collodion membranes impregnated with  quinine, 
measured between N/10 and N/100 KC1.  The sign is that of the dilute solution 
(in the external circuit).  The concentration of quinine is indicated by the ratio 
basic groups: NOz groups. 
Ratio basic groups: NO3 groups ........ 
Concentration potential, my  ............ 
Ratio basic groups: NO~ groups ........ 
Concentration potential, my  ............ 
Ratio basic groups: NOs groups  ........ 
Concentration potential, my  ............ 
Ratio basic groups: NOa groups  ........ 
Concentration potential, my  ............ 
Ratio basic groups: NOs groups  ........ 
Concentration potential, my  ............ 
Ratio basic groups: NOs groups ........ 
Concentration potential, my  ............ 
1/lo 
-25 
1 
-27 
1/lo 
-27 
1/1o 
-30 
1/30 
--20 
1/10 
--17 
1/lOO 
+21 
1/100 
+8 
1/loo 
Inconsistent 
I/IOO 
+27 
1/90 
+26 
1/30 
-8.5 
1/100( 
+23 
I/I00( 
+43 
I/I00( 
+20 
1/lOO( 
-1-44 
1/270 
+39 
1/90 
+t.5 
1/10,000 
+37 
1/I0,000 
+35 
1/10,000 
+~ 
1/810 
+54 
1/270 
+8.5 
TABLE  VI 
Concentration  potentials of collodion membranes  impregnated with  quinine, 
measured  between  ~r/100  and  N/1000  HC1  or  NaOH.  The  concentration  of 
quinine is given as fraction of weight of the  dry membrane.  The sign is that 
of the dilute solution (in the external circuit). 
Concentration of quinine .............. 
Potential in HC1, my  .................. 
Potential in NaOH, my  ................ 
Concentration of quinine .............. 
Potential in HCI, my  .................. 
Potential in NaOH, m~  ................ 
1/10 
-56 
-t-45 
1/10 
-35 
+30 
1/30 
-55 
+49 
1/30 
--39 
+37 
1/90 
--/-26 
+48 
1/90 
-I-16 
-t-38 
1/270 
+34 
+5o 
1/270 
-}-24 
+39 
not  seem,  either,  to be the  cause.  Now  Mathieu  has found  that  the 
rearrangement  of the  molecules in  the films,  especially in  the highly 
nitrated  ones, was very variable.  Sometimes he obtained very sharp W.  WILBRANDT  953 
interferences, sometimes very indistinct patterns.  It is highly prob- 
able  that  the variability  of concentration potentials is  due  to  this 
variability of the arrangement of the molecules.  It would be very 
interesting to investigate the x-ray patterns of membranes with differ- 
ent concentration potentials.  In favor of this assumption is the fact 
TABLE  VII 
Concentration potentials of collodion membranes of various brands of collodion, 
measured between N/100 and N/1000 KC1. 
Brand of collodion 
Kollodium Schering-Kahlbaum DAB 6 .................. 
Kollodium Schering-Kahlbaum "zur Analyse" ............ 
Kollodium Schering-Kahlbaum "zur Herstellung yon Mem- 
branen" ........................................... 
Collodion Merck USP X ............................... 
Collodion Mallinckrodt ................................ 
Concentration potential 
Highest value 
56 
46 
50 
48 
25 
Lowest value 
50 
35 
38 
10 
16 
TABLE  VIII 
Concentration  potentials  of  membranes  of  "Collodion  Merck"  (which  gives 
low positive concentration potentials, when not impregnated),  impregnated with 
methylene  blue  or  quinine.  The  potentials  are  measured  between  N/10  and 
N/100 KC1.  The sign is that in the dilute solution (in the external circuit).  The 
concentration  of  the  impregnating  substance  is  given  as  fraction  of  weight  of 
cellulose nitrate. 
I.  Methylene blue 
Concentration of methylene blue ..... 
Concentration potential, my  .......... 
II.  Quinine* 
Concentration of quinine ............ 
Concentration potential, my  .......... 
1/100 
--42 
1/J°  4 
1/500 
--12 
1/loo 
--2 
1/2so0 
+23 
1/lOOO 
+3.5 
1/12,500 
+32 
1/10,000 
+5 
* These membranes have not been completely dried. 
that  the limiting reversing concentration of quinine and methylene 
blue for membranes with low concentration effects was found to be 
decidedly, sometimes several orders of magnitude, lower than that for 
Kollodium Schering-Kahlbaum DAB6.  Table VIII gives two exam- 
ples, though the results with this brand of collodion are not reproduc- 
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Asymmetric Membranes 
Apart from the well known concentration potentials and chemical 
potentials due to a  different behavior of a  surface towards different 
ions,  living  cells  and  tissues  sometimes show  a  potential  difference 
even when they are in contact with two identical solutions.  Oster- 
bout and coworkers for instance have shown  (cf.  24)  that across the 
protoplasm of Valonia  or Nitella  a  potential  difference exists,  when 
both the outer and the inner surface are in contact with cell sap.  in 
this case, since the leads are symmetrical, the asymmetry must lie in 
the investigated object itself and must be due to a different behavior 
of the two surfaces towards the same ions.  We may call this kind of 
potential, asymmetry potential. 
The models, by which chemical and concentration potentials could 
be  imitated,  were mainly porous  membranes and  water immiscible 
"oil phases."  The underlying difference in behavior of the membrane 
towards different ions was interpreted as different relative ion mobility 
in the former and as different solubility in the latter case, having as a 
consequence in  common a  higher permeability for either cations or 
anions.  In that respect the greatest differences existed between the 
dried collodion membrane and the base impregnated collodion mem- 
brane  among  the  first  group  and  between  basic  oils  and  acid  oils 
among the second group. 
Asymmetric systems have been less investigated.  Cremer's chain 
of nitrobenzene (of.  2) with and without picric acid has been such an 
asymmetric system.  Later Beutner  (2,  3)  has built up asymmetric 
chains using different oil phases.  The potential differences obtained 
in these chains are about 100 to 150 my.  Mond (22) obtained poten- 
tials of about 20 my. combining two phases of a protein, one on the 
acid, the other on the basic side of its isoelectric point.  Membranes 
have not yet been used for this purpose.  The possibility of obtaining 
membranes of nearly maximal concentration effect of both signs, i.e. 
nearly exclusively cation or anion permeable membranes, enabled us 
to build up asymmetric membrane systems of high efficiency. 
If  an  ordinary  dry  collodion  membrane  of  Kollodium  Schering- 
Kahlbaum DAB6 is  combined with an impregnated collodion mem- 
brane, to form a double membrane, thus one side being predominantly W.  WILBRANDT  955 
cation permeable,  the other predominantly anion permeable,  a  mem- 
brane  is  obtained  which  is  indeed  highly asymmetric and  yields  an 
asymmetry potential  of  several  hundred  millivolts,  as  is  shown  in 
Table IX. 
To obtain such a membrane,  certain  precautions  must be taken.  Both mem- 
branes must be entirely dry before being combined.  They are stuck together by 
means of a collodion solution, which previously had been allowed to dry to such an 
extent  that on the surface  a  thin skin was formed.  To render this  combining 
layer as thin as possible, the membranes are tightly pressed  against  each other 
and then allowed to dry.  If these precautions  are not taken, a diffusion of the 
dyestuff  or  alkaloid  into  the  cation  permeable  membrane  takes  place,  which 
reverses  the charge of this membrane,  so that a  more or less symmetric anion 
permeable membrane is obtained. 
TABL~ IX 
Asymmetry Potentials ~  Double M em~anes in ~ /1000 K Cl 
Membrane composed of 
Inside 
Quinine-collodion 
Quinine-collodion 
Quinine-collodion 
Quinine-collodion 
Methylene blue-collodion 
Safranine-collodion 
Outside 
Collodion 
Collodion 
Collodion 
Collodion 
Collodion 
Collodion 
Asymmetry potential 
240 
258 
252 
214 
330 
320 
That such a membrane is asymmetric in the assumed way, one side 
being cation permeable,  the other anion permeable,  can be shown by 
determination  of  the  concentration  potentials  and  the  chemical 
potentials on both sides. 
For that purpose at first the potential difference of the membrane between two 
identical electrolyte  solutions is measured.  Then Solution I is kept constant and 
the concentration  of Solution II is changed.  The potential difference is measured 
again,  the  difference  between  the  two  measurements  being  the  concentration 
potential of Side II.  Correspondingly  the concentration potential of the other 
side is obtained.  The concentration  potentials  thus measured  are  not entirely 
independent  of the concentration of the constant solution; the variations,  however, 
are small as compared to the values  of the concentration potentials.  Table X 
shows such an experiment.  The concentration  potentials  have the signs expected, 956  Z~EMBI~A~-E  STRUCTURE  AND  SELECTIVE  PERMEABILITY 
that of the collodion side being positive, that of the quinine side negative.  Table 
XI contains the asymmetry potentials and both concentration potentials of several 
TABLE  X 
Measurement  of  the  concentration  potentials  of  the  two  sides  of  a  double 
membrane  of  collodion outside  and  quinine-collodion inside.  The  sign  is  that 
of the outside solution, the sign of the concentration potential is that of the dilute 
solution  (both signs refer to the external circuit). 
Inside 
(a)  KCI N/1000 
(b)  KCI 1~/100 
(c)  KCI N/100 
(d)  KCl ~/1000 
Solution 
Outside 
KC1 ~/1000 
KCI N/1000 
KCI N/100 
KC1 s/100 
Measured potential 
+251 
+193 
+163 
+215 
Calculated therefrom: 
Concentration potential outside:  b  -  c  =  +30 
a  -  d  ffi  +36 
Average +33- 
Inside:  c  -  d  =  -52 
b  -- a  =  -58 
• Average  -  55 
TABLE  XI 
Concentration Potentials and Asymmetry  Potentials of Double Membranes 
(Signs As in Table X) 
Membrane composed of  Concentration potential 
Inside 
Methylene blue-collodion 
Safranine-collodion 
Quinine-coUodion 
Quinine-collodion 
Quinine-collodion 
Quinine-collodion 
Outside 
Collodion 
Collodion 
Collodion 
Collodion 
Collodion 
Collodion 
Inside  Outside 
--51.5  +54.5 
--56  +49 
--48  +52 
--55  +33 
--46  +30 
-36  +40 
Difference 
106 
105 
100 
88 
76 
76 
Asymmetr5 
potentlal 
in KCI 
N/tooo 
285 
281 
252 
251 
217 
214 
membranes.  It shows that  the asymmetry  potential increases  as  the  difference 
of the concentration  potentials increases;  in other words:  the  greater  the differ- 
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To show the same by means of the chemical potentials, the same procedure is 
followed, changing  instead of the  concentration of one solution,  its anions or 
cations.  Table XII shows that on the quinine side only the changing of anions 
affects the potential difference considerably,  on the pure collodion side only the 
changing of cations. 
One  might  therefore  suppose  the  mechanism  of  the  asymmetry 
potentials to be as follows: on the anion permeable side anions tend to 
enter the membrane, which renders the solution there positive in the 
external  circuit,  on  the  other  side  cations,  rendering  the  solution 
negative.  Both effects add up, and lead to a high asymmetry poten- 
TABLE  XII 
Chemical potentials of the two sides of a double membrane,  consisting of a 
collodion membrane  outside  and  a  quinine-collodion  membrane  inside.  (The 
sign is that of the outer solution in the external circuit.) 
Inside N/IO 
KC1 
NaC1 
NaC1 
KCI 
KC1 
K~SO4 
Outside N/IO 
Solution 
KC1 
KC1 
NaC1 
NaC1 
K~SOd 
KCI 
Measured potential 
+57 
+61 
+86 
+82 
+58 
+86 
Hence: 
Inside  Outside 
Anion effect .....................................  29  ! 
Cation effect .....................................  4  25 
(Concentration  potential) .........................  -46  +30) 
tial, positive on the anion permeable side.  That this cannot be true 
follows from two facts:  (1)  The observed  asymmetry potentials  are 
always positive  on the  cation permeable  side,  and  (2)  they increase 
as  the  concentration  of  the  solution  decreases,  while  the  opposite 
should be the case according to the assumed mechanism.  The highest 
potential differences were measured in distilled water; they amounted 
to 450 my. 
Fig. 3 shows the asymmetry potentials of several membranes in KC1 
solution of different concentrations.  (The lower three are asymmetric 
single membranes.) 958  MEMBRANE  STI%UCTLrRE AND  SELECTIVE  PER~[EABILITY 
Apparently  the  asymmetry potential  is  not  determined  by  the 
tendency of the outside ions to enter the membrane, but by the tend- 
ency of the inside ions to leave it.  The membranes always contain 
ions of the  substance  used for  the  impregnation.  This  mechanism 
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FIG. 3.  Asymmetry  potentials  in various  concentrations  of  KC1. 
must  render the  solution on  the  cation permeable side positive,  as 
observed. 
The effect of the outside ions then must be a lowering of the asym- 
metry potential, due to their tendency to enter the membrane.  Thus 
the decrease of the asymmetry potential with increasing concentration 
of the solution can be understood. w.  WILB~NDT  959 
Cations  as well as anions  must  influence  this  lowering  effect,  the 
cations on the cation permeable side, the anions on the anion perme- 
able side.  The lowering of the asymmetry potential by a given elec- 
trolyte solution must therefore depend on the electromotive effective- 
ness of both its cations and its anions.  This is the case, as is shown in 
Table XIII, which contains asymmetry potentials in different electro- 
lyte  solutions  and  for  comparison  the  electromotive  effect of  their 
cations at  the dried  collodion membrane  and  of their  anions  at  the 
rhodamine-collodion membrane (taken from the paper of Mond). 
TABLE  XIII 
Influence of cations and anions on the asymmetry potential  of a double mem- 
brane of conodion outside and  quinine-collodion inside.  The signs refer  to the 
outside solution in the external circuit. 
Potentials of the ordinary  Asymmetry potentials  Potentials  of the rhodamine-collodion 
collodion  membrane in ~/10  of the double membrane  membrane in N/10 solutions of 
solutions of  in N/10 solutions 
Inside  Inside  Outside  my.  __  Outs de  ]  ~rv.  __ 
KCI  KCI  0  ] 
KCI  NaCl  +48 
KCI  l  LiCl  +74  [ 
of  inv. 
H~O 
KC1  +22 
NaC1  +44 
LiC1  +65 
K~SO,  +[-67 
KC1  +22 
KNOB  +7 
KCNS  +8 
NaC1 
NaC1 
NaC1 
NaC1 
Na2S04 
NaC1 
NAN08 
NaCNS 
--38 
0 
+51 
+6O 
It may be noted  that  it is  also possible to obtain  an  asymmetric 
double membrane by combining a  cellulose acetate membrane  and a 
collodion membrane.  These membranes, which yielded comparatively 
low asymmetry potentials, have not been closely investigated. 
Asymmetry Potentials in Simple Dyed Collodion Membranes 
During  the investigation  of the  reversing  effect of basic dyestuffs 
and alkaloids on the charge of the collodion membrane the observation 
was  made  that  the  impregnated  membranes  sometimes  showed  an 
asymmetry potential of considerable amount, up to 180 my. in N/1000 
KC1 and 270 mv. in distilled water.  The mechanism of these poten- 960  MEMBRANE  STRUCTURE  AND  SELECTIVE  PERMEABILITY 
rials is the same as that of the potentials of the double membranes just 
described.  Table  XIV  for  instance  shows  that  at  all  asymmetric 
membranes the concentration effect of the two sides is different and 
that the magnitude of the asymmetry potential depends roughly on 
TABLE  XIV 
Concentration potentials of both sides and asymmetry potentials of simple 
dyed membranes (signs as in Table X). 
Membrane 
No. 
33 
40 
30 
43 
47 
29 
26 
34 
27 
Dyestuff 
Thionine 
Thionine 
Thionine 
Thionine 
Brilliant kresyl blue 
Methylene blue 
Basic fuchsin 
Methylene blue 
Quinidine chloride 
Concentration  potential 
Outside 
--47.5 
-33.5 
+39 
-10.5 
+14.5 
+16 
+41 
+2.5 
-6.5 
Inside 
mY. 
+36.5 
+56.5 
--14 
--41.5 
--20.5 
--8 
+29 
--22.5 
--23.5 
Difference 
--84 
--90 
+53 
+31 
+35 
+24 
+12 
+25 
+17 
Asymmetry 
potential  in 
KCI ~/1000 
-- 185 
--156 
+110 
+101 
+75 
+57 
+48 
+37 
+30 
TABLE  XV 
Concentration potentials and effects of anions and cations on the two sides of 
an asymmetric  simple dyed membrane.  (Signs as in Table X,  anion effect and 
cation effect obtained as in Table XII.) 
Membrane 
No. 
46 
25 
55 
54 
66 
Dyestuff 
Toluidin blue 
Thionine 
Nile blue-sulfate 
Safranine 
Quinine 
Con- 
centr 
potential 
+49 
+8.5 
+20 
--0.5 
--44 
Outside 
Cation 
effect 
28.5 
5 
12 
4 
0 
Anion 
effect 
8 
11 
23.5 
66 
75 
Con~ 
centr. 
potential 
+14 
+45.5 
--17 
--23.5 
--43 
Inside 
Cation 
effect 
13.5 
30 
3 
3 
1 
Anion 
effect 
14 
3 
88.5 
100 
70.5 
the algebraic difference of the concentration potentials.  Table XV 
shows that on a  side of the membrane which has a  negative concen- 
tration  potential,  anions  affect the  potential difference more  than 
cations, and on a side with high positive concentration effect the oppo- 
site is the case.  (That the reversing point is not the concentration W.  WILBRANDT  961 
potential 0, but about +20, is due to the fact that the  SO,-C1 effect 
as such is higher than the K-Na effect.) 
Thus these membranes behave as though they were composed  of two 
parts which differ in their ion permeabilities.  The following reasons 
are in favor of the assumption that it is only the two surfaces or very 
thin surface layers whose difference in ion permeability is measured 
here.  A cross-section of an asymmetric membrane, impregnated with 
thionine, was examined under the microscope.  No difference in the 
concentration of dyestuff on the two sides of the membrane could be 
seen.  The thickness of the cation permeable layer on one side, which 
must be supposed to contain less dyestuff, must therefore be below the 
limit of microscopic visibility.  Furthermore, if the cation permeable 
side of an asymmetric membrane is scraped with sand paper, a  very 
thin layer  thus being removed, the  concentration potential of  this 
side becomes negative.  At the same time the asymmetry potential 
changes in the direction expected, sometimes by  100-150  inv.,  and 
even changing in sign.  Apparently the behavior of the membrane is 
determined by thin layers at the surfaces.  This is no contradiction 
to the assumption that electrically charged pores determine the poten- 
tials.  A very thin layer containing pores can determine the transfer 
number in a transfer experiment, and hence can determine the magni- 
tude of a diffusion potential in a diffusion experiment. 
To account for the formation of a  superficial layer containing less 
dyestuff than the rest of the membrane, the most probable assumption 
seems to be the following.  The membrane is a  solid solution of the 
dyestuff in collodion, in which, if the membrane is kept in water, a 
steep diffusion gradient of dyestuff is established at both surfaces, due 
to the water solubility of the dyestuff.  This steep gradient, as the 
membrane loses dyestuff into  the  solution,  slowly recedes into  the 
interior of the membrane, rendering its surface more and more free 
from  dyestuff  and  therefore  cation  permeable.  In  favor  of  this 
assumption is the fact that the asymmetry potential of a dyed mem- 
brane, kept in water, mostly changed with time, while in air it kept 
constant.  Furthermore,  in  water  both  concentration  potentials of 
such a membrane grow more positive with time, as would follow from 
the assumed mechanism.  Fig. 4  shows the change of concentration 
potentials and asymmetry potentials with time of a membrane.  Both 962  MEMBRANE  STRUCTURE  AND  SELECTIVE  PERMEABILITY 
concentration  potentials  grow steadily more  positive,  but  since  the 
changes  are  not parallel,  the asymmetry potential  varies with  their 
difference. 
How the asymmetry arises, which sometimes is observed on the very 
first day, is not quite clear, especially since it does not occur regularly. 
mr  o~j.~_  _ 
ooy 
o / oF  f 
i _:ll  7 
~I 3o-~ 
<~  i0- 
I  I  I  I  1  I  I  I  I  I  • 
D~,rs~  4  6  8  10  i~  14  16  IB  20 
Time 
FIG. 4.  Change of the  two  concentration  potentials  and  of the  asymmetry 
potential of a simple membrane with time. 
Sometimes  the  membranes  are  highly  asymmetric  on  the  first  day, 
sometimes they are symmetric.  The drying process of the membrane 
on mercury is certainly an asymmetric process, one side of the mem- 
brane being in touch with air, the other with mercury, so that a differ- 
ence of the two sides is comprehensible.  The  mercury side behaves W.  WILBKANDT  963 
indeed regularly as if it contained more dyestuff, it loses more dyestuff 
into the water in the first days and it is the more anion permeable side. 
On the other hand membranes which were poured symmetrically on 
gauze and dried hanging in the air were highly asymmetric too. Appar- 
ently differences in the drying conditions play a r61e here which cannot 
be controlled without special precautions. 
The  reason  for  discussing  the  asymmetry potentials  of  simple 
membranes in detail, though they are not different in principle from 
those of double membranes, is that they can be very disturbing when 
working with such membranes and a  knowledge of these  asymmetry 
potentials seems valuable, therefore.  Measurements on dyed collodion 
membranes should be carried out in duplicate with solutions exchanged 
and the ion permeability of the membranes should be tested fromtime 
to time. 
DISCUSSION 
The points of view to be gained from the results obtained for an 
analysis of biological asymmetry potentials seem to be the following. 
The asymmetry potentials here described are due to differences of 
two  surfaces in  the behavior  towards ions,  which may be regarded 
under the heading of predominant anion or cation permeability.  A 
quantitative measure of this property is the concentration effect, the 
value of which can vary between the thermodynamic  limits of -  56 my. 
(exclusive anion permeability) and +56 my. (exclusive cation perme- 
ability).  Now the analysis of an asymmetry  potential as to the under- 
lying differences in ion permeability of the two surfaces gives a means 
to get closer information on the micro structure of cells and tissues. 
Let us consider for instance the following three asymmetric structures 
of a system with two surfaces:  (a)  One side is more anion permeable, 
the other more cation permeable, i.e.  one concentration effect is nega- 
tive, the other positive; (b)  Both are more anion permeable, but to a 
different extent; (c)  Both are more cation permeable, but to a different 
extent.  All three systems may yield the same asymmetry potential, 
provided the algebraic differences of the two concentration potentials 
are the same.  Thus a  closer investigation of an asymmetric system 
as to the properties of the two surfaces may lead to information about 
the underlying micro structure. 
The unusual magnitude of the observed asymmetry potentials as 964  m~rBRANE  STRUCTURE  AND  SELECTIVE  PERMEABILITY 
compared to the potentials otherwise observed with collodion mem- 
branes raises the further question whether similar asymmetries play a 
r61e for the transport functions of epithelium cells,  especially in cases 
where a transport takes place against a high thermodynamic  potential. 
The formation of HC1 in the stomach epithelium for instance has to 
overcome a concentration potential of 250-300 mv. 
SUM-MARY 
The  attempt  is made  to reconcile  the two  existing  theories  on  the 
mechanism  of  selective  ion  permeability  of  the  cell membrane  by 
taking into account  the molecular  arrangement  in the substance  of the 
membrane.  It is  shown  that the pore theory and the solubility theory 
are not contradictory,  but two aspects of the same  problem,  one from 
the thermodynamic  point of view,  the other from  the point of view of 
molecular  theory. 
The  dried  collodion  membrane  is used  as a model  in these studies. 
Its different behavior  towards  anions  and  cations  is explained  on  the 
ground  of a  quasi-crystalline  structure  of  collodion,  the  NO~-groups 
acting as dipoles with the negative  charge  directed  towards  the inter- 
molecular  spaces,  no  matter  whether  these  pores  are  of  molecular 
dimensions  or larger.  In this way  a continuity  in the behavior  of the 
ordinary  large pored  collodion  membrane  and  the dried membrane  is 
established,  both  theoretically  and  experimentally.  Experiments, 
with  membranes  of other  cellulose dcrivatives  agree with  the mecha- 
nism  suggested.  Membranes  of  cellophane  and  ethyl  cellulose  are 
negatively  charged, membranes  of cellulose acetate positively. 
From  solutions of collodion  mixed  with  basic dyestuffs  or alkaloids 
membranes  can be obtained  more  permeable  to anions than to cations 
in contrast  to the ordinary  collodion  membrane.  Membranes  can be 
built which give high potential differences even between two identical 
electrolyte solutions.  The asymmetry lies here within the membrane 
and is artificially produced by gluing together an ordinary collodion 
membrane with one previously impregnated with a basic dyestuff or an 
alkaloid. 
Finally I  wish to thank very cordially Dr. L. Michaelis, in whose 
laboratory and under whose direction this investigation was carried W.  WILBRANDT  965 
out, for his ever ready stimulation and help.  Also I  received much 
help from discussions with Dr. J. F. Danielli. 
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